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Wonders of H2O Molecular Undercoordination and Hydration
As independent degrees of freedom, water molecular undercoordination (also called confinement) and electrostatic polarization make the mysterious water ice even more fascinating [1] . Undercoordinated water molecules are referred to those with fewer than four nearest neighbors (CN < 4) as they occur in the bulk interior of water and ice. Molecular undercoordination occurs in the terminated O:HO bonded networks, in the skin of a large or small volume of water and ice, molecular clusters, ultrathin films, snowflakes, clouds, fogs, nanodroplets, nanobubbles, and in the vapor phase. Such a kind of water molecules show dextrorotary feature of supersolidity such as the lowered freezing temperature TN [2] [3] [4] [5] [6] and raised melting point Tm, hydrophobic, less dense, superfluidity in microchannels [7] . Thin ice can form at room temperature on SiO2 substrate [8] . The superfluidity between graphene sheets occurs only at a thickness of six layers or less [9] .
Excessive properties [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] also include the longer OO distance, HO phonon blueshift and O:H phonon redshift. The O 1s binding energy shifts positively to stronger binding energy, nanobubbles are long lived, mechanical stronger and thermally more stable, skins of ice and water are hydrophobic and frictionless, moving faster in microchannels. Undercoordinated molecules have longer lifetime extending from the bulk value of 200 fs to some 700 fs. These features become more pronounced as the molecular coordination number decreases or the nanosolid curvature increases.
Salt solvation differs the local physical-chemical properties of hydrogen bonds in the hydration shells from those of the ordinary bulk water. Intensive pump-probe spectroscopic investigations have been conducted to pursue the mechanism behind molecular performance in the spatial and temporal domains.
For instance, the sum frequency generation (SFG) spectroscopy resolves information on the molecular dipole orientation or the skin dielectrics, at the air-solution interface [20, 21] , while the ultrafast twodimensional infrared absorption probes the solute or water molecular diffusion dynamics in terms of phonon lifetime and the viscosity of the solutions [22, 23] .
Salt solutions demonstrate the Hofmeister effect [24, 25] on regulating the solution surface stress and the solubility of proteins with possible mechanisms of structural maker and breaker [26] [27] [28] , ionic specification [29] , quantum dispersion [30] , skin induction [31] , quantum fluctuation [32] , and solute-water interactions [33] . Increasing the chloride, bromide and iodide solute concentration shifts more the H-O stretching vibration mode to higher frequencies [34, 35] . These spectral changes are usually explained as the Cl An external electric field in the 10 9 V/m order slows down water molecular motion and even crystallizes the system. The field generated by a Na + ion acts rather locally to reorient and even hydrolyze its neighboring water molecules according to MD computations [36] .
However, knowledge insufficiency about O:H-O bond cooperativity [37] has hindered largely the progress in understanding the solvation bonding dynamics, solute capabilities, and inter-and intramolecular interactions in the salt solutions. One has been hardly able to resolve the network O:H-O bond segmental cooperative relaxation induced by salt solvation. It is yet to be known how the cation and anion interact with water molecules and their neighboring solutes, and their impact on the performance of the solutions such as the surface stress, solution viscosity, solution temperature, and critical pressures and temperatures for phase transition [34, 38] . Fine-resolution detection and consistently deep insight into the intra-and intermolecular interactions and their consequence on the solution properties have been an area of active study.
However, charge injection by salt solvation shares the same effect of molecular undercoordination on the phonon frequency shift [39] [40] [41] . One of the most appealing observations is that the melting of ice in porous glass having different distribution of pores sizes. The confined water crystallizes only partially and at an interface layer, between the ice crystallites and the surface of the pore, remains liquid. Nuclear magnetic resonance and differential scanning calorimetry measurements revealed a 0.5 nm thick interface [42] .
Salt hydration and water confinement have been intensively investigated using the following multiscale approaches:
1) Classical continuum thermodynamics [43] [44] [45] [46] [47] embraced the dielectrics, diffusivity, surface stress, viscosity, latent heat, entropy, nucleation, and liquid/vapor phase transition in terms of free energy, though this approach has faced difficulties in dealing with solvation dynamics and the properties of water and ice.
2) Molecular motion dynamics (MD) [48] [49] [50] computations and the ultrafast phonon spectroscopies are focused on the spatial and temporal performance of water and solute molecules as well as the proton and lone pair transportation behavior. Information includes the phonon relaxation or the molecular residing time at sites surrounding the solute or under different coordination conditions or perturbations.
3) Nuclear quantum interactions [51] [52] [53] Experimental detection [57] and MD computations [58] showed consistently that both salt solvation and water confinement not only slow down MD dynamics characterized by the phonon lifetime but also shift the phonon frequency to higher frequencies. One needs to answer why do salt solvation and nanoconfinement transit the phonon lifetime and phonon stiffness in the same manner and what intrinsically dictates the chemical and physical properties of the confined water and the salt solution.
According to Pauling [59] , the nature of the chemical bond bridges the structure and property of a crystal and molecule. Therefore, bond formation and relaxation and the associated energetics, localization, entrapment, and polarization of electrons mediate the macroscopic performance of substance accordingly [39] . O:H-O bond segmental disparity and O-O repulsivity form the soul dictating the extraordinary adaptivity, cooperativity, recoverability, and sensitivity of water and ice [54] .
The proper answer to these questions is the chemical bond [59] and the valence electrons [39, 54] . One must focus on the bond relaxation and electron polarization in the skin region or in the hydration volume and interplaying of the afore-mentioned multiscale approaches is necessary.
We show here the electronic and phononic spectrometric evidence for the bond-electron-phonon correlation of the confined and hydrated hydrogen bond network and the supersolid state due to molecular undercoordination and electric polarization by salt solvation.
O:H−O Bond Oscillator Pair Scheme

Basic Rules for Water
Water prefers the statistic mean of the tetrahedrally-coordinated, two-phase structure in a core-shell fashion of the same geometry but different O:H−O bond lengths [1, 54] . Figure 1a illustrates the 2H2O unit cell of C3v symmetry having four hydrogen bonds bridging oxygen anions. As the basic structure and The hydrogen bonding thermodynamics is subject to the specific heat ratio, L/H. The segmental having a lower specific heat follows the regular thermal expansion but the other segment responds to thermal excitation oppositely, which explains why ice floats when cooling at the QS phase -the H-O contracts less than O:H expansion at cooling. In the Vapor phase, L  0, the O:H interaction is negligible; In the Liquid and Ic+h ice, L/H <1, cooling contraction takes place at different rate; In the QS phase, L/H > 1, cooling expansion occurs; In the XI phase, L  H  0, neither O:H nor H-O responds sensitively to temperature change [76, 77] ; at the QS boundaries (L/H = 1) density transits with the boundaries closing to Tm and TN [2] .
Supersolidity and quasisolidity
The concept of supersolidity was initially extended from the 4 He fragment at mK temperatures, demonstrating elastic, repulsive and frictionless between the contact motion of 4 He segments [78] because e of atomic undercoordination induced local densification of charge and energy and the associated polarization [79] . The concepts of supersolidity and quasisolidity were firstly defined for water and ice in 2013 by Sun et al [2, 41] and then intensively verified.
The quasisolidity describes phase transition from Liquid density maximum of one gcm The shortened H-O bond shifts its vibration frequency to a higher value that increases further with the reduction of the molecular CN, which disperses the QS boundaries outwardly, causing the supercooling at freezing and superheating at melting [15] . Under compression, the situation reverses, raising the TN and lowering Tm, which is the case of regelation -ice melts under compression and the Tm reverse when the pressure is relieved [49] . The high thermal diffusivity of the supersolidity skin governs thermal transportation in the Mpemba paradox -warm water cools faster.
Salt solvation derives cations and anions dispersed in the solution [40] . Each of the ions serves as a source center of electric field that aligns, stretches and polarizes the O:H-O, resulting the same supersolidity in the hydration shell whose size is subject to the screening of the hydrating H2O dipoles and the ionic charge quantity and volume size. lifetime through the solution viscosity and Stokes-Einstein relation for the molecular drift diffusivity [45] , which is very much the same to optical fluorescent [81] and ultrafast photoelectron [82] spectroscopies. The signal lifetime is proportional in a way to the density and distribution of the defects and impurities. The impurity or defect states prevent the thermalization of the electron/phonon/photon transiting from the excited states to the ground for exciton (or electron-hole pair) recombination. One switches off/on the pump/probe simultaneously and monitors the population decay that features the rate of vibration energy dissipation during the wave propagation in the solution. Ultrafast IR spectroscopy revealed that the H−O phonon lifetime increases from 2.6 to 3.9 and 6.7 ps as the water transits into NaBr solution with concentration increasing from 32 to 8 H2O per NaBr and increases from 18 to 50 ps when the water droplet size is reduced from 4.0 to 1.7 nm [57] .
The differential phonon spectrometrics (DPS) is the subtraction of the spectrum of bulk water from the those of the nanodroplets and salt solution upon all the spectral peak area being normalized. These DPS Therefore, the phonon abundance transition from the valley to the peak in both cases show that the D-O bond turns to be shorter and stiffer in the hydration shell and in the droplet skin. [83] . The DPS distills only the first hydration shell and the outermost layer of a surface [84] without discriminating the intermediate region between the bulk and the outermost layer.
The H > 0 and L < 0 disperse the Debye temperature Dx accordingly and hence disperses the QS boundaries outwardly, as illustrated Figure 1d , leading to the supercooling at freezing and superheating at melt, as one observes as the "no man's land" temperature as shown in Figure 3a and the freezing temperature depression by salt solvation. XRD, Raman and MD observations show that 1.2 nm sized droplet freezes at 173 K [5] , and the (H2O)3-18 clusters do not form ice even at 120 K [6] . The XI-Ic phase transition temperature also varies with the droplet size [76, 77] . Figure 2d and the fact of the droplet sized resolved TN, one can infer that a droplet holds the two phase structure in terms of coordination− resolved core− shell configuration rather than the domain resolved high/low density random patches. Figure 3b shows the salt concentration resolved TN depression of salt solutions.
From the f(1/D) in
Because of the strong polarization and L < 0, the surface of water and ice is offered with a supersolid skin that is elastoviscous, less dense (0.75 unit), and mechanically and thermally more stable. The high elasticity and soft O:H phonon adaptivity and the densely packed dipoles ensure the slipperiness of ice [85] the nanobubble endurability [86] and toughen the water skin [87] . It is the supersolid skin lower density that ensure the high thermal diffusivity for the heat transport in the Mpemba effect [88] .
One must note that the QS boundaries are not constant but change with the phonon frequency relaxation under external excitation. Electrification (ionic polarization) [40] or molecular undercoordination [41] shift the H-O phonon frequency up and the O:H frequency down, which disperses the QS boundaries outwardly, resulting in the freezing temperature TN depression and melting temperature elevation [40, 41] .
However, compression disperses the boundaries inwardly, lowering the melting temperature and raising the freezing temperature, call Regelation [89] . 
Molecular Site Resolved H−O Bond Characteristics
The sum frequency generation (SFG) probe the molecular orientation and dielectrics at the interface as a function of vibration frequency [20] . SFG measurements, shown in Figure 5a The DPS profiles are obtained by subtracting the spectra collect at angle closing to the surface normal from the ones collected in gracing angles and all of them being spectra area normalized [99] . Figure 5b shows that the -(15− 20) C ice and the 25 C water share the same skin supersolidity -identically shortened and stiffened H-O bond.
DFT calculations by Wang and collaborators [47, 83] 
4.3.
Ultrafast PES and DPS: Nonbonding Electron Polarization Molecular undercoordination induced skin polarization have been detected using an ultrafast pump− probe liquid−jet UPS [82] . The vertical bound energies (being equivalent to work function) of the hydrated electrons is 1.6 eV in the skin and 3.2 eV in the bulk interior for the hydrated electrons in pure water. The bound energy decreases with the number n of the (H2O)n clusters toward zero [100] [101] [102] . The hydrated electrons live longer than 100 ps near the surface compared with those solvated inside liquid bulk interior.
Observations evidence that molecular undercoordination substantially enhances nonbonding electron polarization [41] , which increases the viscoelasticity and hence lowers the skin molecular mobility. The anchored skin dipoles allow nanodroplet interacting with other substance through electrostatic, van der Waals, and hydrophobic interactions without exchanging electrons or bond formation, named nonadditivity [103] .
The nonbonding electrons are subject to dual polarization when the molecular CN is reduced [1] . Hydrated electrons provide a probe for the cluster size and molecular site resolved information on their bound energy and lifetime. Using the ultrafast pump-probe photoelectron spocpy, Verlet et al [14] discovered that an excess electron can bound to the surface of a water cluster and to the ambient water/air interface. The internally solvated electron bound energy for (D2O)50 
XPS and XAS: O 1s Energy Shift
Following the same trend as "normal" materials, molecular undercoordination imparts to water local charge densification [14, 15, 82, [110] [111] [112] , binding energy entrapment, and nonbonding electron polarization [82] . Figure 8a shows that the O1s level shifts more deeply from the bulk value of 536.6 eV to 538.1 eV and to 539.7 eV when one moves from the bulk interior to its skin and then to a monomer in gaseous phase [113] [114] [115] . The O1s binding energy shift is a direct measure of the H−O bond energy, E1s
 EH, and the contribution from the O:H nonbond is negligibly small, according to the Tight−Binding approximation [84] . Figure 8 b and c compares the NEXFAS spectra of nanobubbles [116] , vapor, liquid skin, and bulk water [117] . The spectra show three majors at 535.0 to 536.8 and 540.9 eV corresponding, respetively, to the molecular coordination resolved bulk interior, skin, and H−O dangling bond radicals. the gaseous phase at 539.9 eV (reprinted with permission from [115] ). (Reprinted with permission from [118] .) NEXFAS spectra of (b) nanobubbles [116] and (c) vapor, liquid skin, and bulk liquid [117] . The spectra resolve discrete peaks that correspond to the bulk, skin, and H−O dangling bond radicals.
Comparatively, the energy conservation mechanism in the near edge X−ray fine structure absorption (NEXFAS) measurements is different from that of the XPS. The NEXFAS involves the shift of both the valence and the O 1s core band but the XPS involves the O 1s only. The NEXFAS pre-edge shift is the relative shift of the O1s core level E1s and its valence band shift Evb (occupied 4a1 orbital) from their energy levels of the isolated O atom: Eedge = Evb -E1s  EH > 0 (H-O bond energy) [41] . The Evb is always greater than the E1s because of the shielding of electron in outer orbitals [84] .
XAS and DPS: Supersolid H-O Bond Thermal Stability
Strikingly, the NEXFAS measurements [119] revealed that Li 1) The H-O bond energy undergoes thermal gain but for regular substance the bond energy is subject to thermal loss [120] . The H-O energy gain results from the O:H-O cooperativity when the O:H is elongated by ionic polarization, liquid heating [35] , skin molecular undercoordination [41] . These observations showed that the O:H-O bond in the supersolid phase follows the regular thermodynamics outside the QS phase temperatures: ddL/dT > 0, ddH/dT < 0.
2) The shortened H-O bonds are thermally and mechanically more stable because the stiffened bonds are less sensitive to perturbation. The shorter H-O bond is harder to be further shortened by heating or to be lengthened by compression because of the O:H-O cooperativity nature [34, 38] : (dEH/ dT)super/(dEH/ dT)regular < 1 and (dH / dT)super/(dH / dT)regular < 1.
3) The QS upper boundary is at 4 C for regular water and it seems at 25 C for the supersolid states according to the curve slopes in Figure 9b .
4) The local electric field of small cations is stronger than that of a larger anions because of the X -X -repulsion due to the high-order molecular structure of the supersolid hydration shells with insufficient number of dipoles screening the electric field [40] . From what we have experienced in the presently described exercises, one can be recommended the following ways of thinking and strategies of approaching for efficient investigation, and complementing to conventional approaches:
1) The nonbonding electron lone pairs pertained to N, O, F and their neighboring elements in the Periodic Table form 3) It is necessary to think about water and solvent matrix as the highly ordered, strongly correlated, and fluctuating crystals, particularly, the supersolid phase caused by hydration and molecular undercoordination rather than the amorphous or multiphase structures. Water holds the two-phase structure in the core shell configuration, rather than the randomly domain-resolved mixture of Understanding may extend to water-protein interaction, biochemistry, environmental and pharmaceutical industries. Hydrophobic interface is the same to free surface. Charge injection by salt and other solute solvation provides the local electric fields. As the independent degrees of freedom, molecular undercoordination and electric polarization are ubiquitous to our daily life and living conditions. Knowledge developed could contribute to the science and society. It would be very promising for one to keep mind open and always on the way to developing experimental strategies and innovating theories toward resolution to the wonderful world.
